We used retrograde transneuronal transport of neurotropic viruses in Cebus monkeys to examine the organization of basal ganglia and cerebellar projections to two cortical areas on the medial wall of the hemisphere, the supplementary motor area (SMA) and the pre-SMA. We found that both of these cortical areas are the targets of disynaptic projections from the dentate nucleus of the cerebellum and from the internal segment of the globus pallidus (GPi). On average, the number of pallidal neurons that project to the SMA and pre-SMA is approximately three to four times greater than the number of dentate neurons that project to these cortical areas. GPi neurons that project to the pre-SMA are located in a rostral, "associative" territory of the nucleus, whereas GPi neurons that project to the SMA are located in a more caudal and ventral "sensorimotor" territory. Similarly, dentate neurons that project to the pre-SMA are located in a ventral, "nonmotor" domain of the nucleus, whereas dentate neurons that project to the SMA are located in a more dorsal, "motor" domain. The differential origin of subcortical projections to the SMA and pre-SMA suggests that these cortical areas are nodes in distinct neural systems. Although both systems are the target of outputs from the basal ganglia and the cerebellum, these two cortical areas seem to be dominated by basal ganglia input.
Introduction
Classically, the supplementary motor area (SMA) was defined as a single cortical field within the medial part of Brodmann's area 6 (Penfield and Welch, 1951; Woolsey et al., 1952) . There have been many suggestions about the function of the SMA including involvement in the regulation of posture, bimanual coordination, the internal generation of movement, and the construction of movement sequences (Goldberg, 1985; Tanji, 1994) . More recently, the region traditionally included within the SMA has been subdivided into two distinct areas: the SMA proper (SMA) and a more rostrally located presupplementary motor area (pre-SMA) (Luppino et al., 1991; Matsuzaka et al., 1992; Strick, 1996, 2001) [for additional references and review, see Tanji (1994 Tanji ( , 1996 ]. The results of imaging studies in humans strongly support this subdivision. In general, activation in the SMA is tightly coupled to movement generation and control. However, this does not seem to be the case for the pre-SMA Strick, 1996, 2001; Coull et al., 2004) . Indeed, there are a number of instances in which activation was present in the pre-SMA during decidedly nonmotor, cognitive tasks (Petit et al., 1998; Coull et al., 2004; Lau et al., 2004; Pouthas et al., 2005; Hon et al., 2006; Macar et al., 2006) .
The SMA and pre-SMA display some important differences in their connectivity and function. For example, the SMA has dense projections to the primary motor cortex (M1) and also projects directly to the spinal cord (Muakkassa and Strick, 1979; Ghosh et al., 1987; Dum and Strick, 1991a ,b, 1996 Galea and DarianSmith, 1994; He et al., 1995; Hatanaka et al., 2001; Wang et al., 2001; Maier et al., 2002) . In contrast, the pre-SMA does not have substantial connections with M1 and does not project to the spinal cord Strick, 1991a,b, 2005; Tokuno and Tanji, 1993; Galea and Darian-Smith, 1994; Lu et al., 1994; He et al., 1995; Hatanaka et al., 2001; Wang et al., 2001) . Instead, the pre-SMA is densely interconnected with regions of prefrontal cortex (Luppino et al., 1990 (Luppino et al., , 1993 Bates and Goldman-Rakic, 1993; Lu et al., 1994; Wang et al., 2005) (but see Takada et al., 2004) . Surprisingly, the pre-SMA does not appear to be densely interconnected with the SMA (Luppino et al., 1990 (Luppino et al., , 1993 Wang et al. 2001) .
The SMA has been considered to be an important target of basal ganglia output (Schell and Strick, 1984; Wiesendanger and Wiesendanger, 1985a; Alexander et al., 1986; Darian-Smith et al., 1990; Rouiller et al., 1994 Rouiller et al., , 1999 Shindo et al., 1995; Matelli and Luppino, 1996; Sakai et al., 1999 Sakai et al., , 2002 . In addition, Wiesendanger and Wiesendanger (1985a,b) provided some evidence for cerebellar input to the SMA, especially to its rostral portion, which is now recognized as the pre-SMA. However, despite several elegant studies (Rouiller et al., 1994; Sakai et al., 1999 Sakai et al., , 2000 Sakai et al., , 2002 , the organization of basal ganglia and cerebellar input to the pre-SMA and SMA remains uncertain because of the complexities of thalamic nomenclature and the disynaptic nature of cerebellothalamocortical and basal ganglia-thalamocortical connections.
Here we used retrograde transneuronal transport of neurotropic viruses to define the organization of basal ganglia and cerebellar projections to the SMA and pre-SMA. There are three main observations of the present study. First, we found that the SMA and the pre-SMA are the targets of outputs from both the basal ganglia and the cerebellum. Second, our results indicate that the SMA and pre-SMA each receives relatively more basal ganglia input than cerebellar input. Thus, the two cortical areas seem to be dominated by basal ganglia input. Third, projections to the SMA and pre-SMA originate from spatially separate and neurochemically distinct regions within globus pallidus (GPi) and dentate. The differential origin of subcortical projections to the SMA and pre-SMA suggests that these cortical areas are nodes in distinct neural systems. Some of these results have been reported in preliminary form (Akkal et al., 2001 (Akkal et al., , 2002b (Akkal et al., , 2003 .
Materials and Methods
This study is based on observations from eight juvenile Cebus monkeys (Cebus apella; 1.3-2.4 kg; four males and four females) ( Table 1) . We placed multiple injections of virus into the SMA (n ϭ 7) or into the pre-SMA (n ϭ 3). In most cases, the virus injection into the SMA was centered on the hand representation (e.g., fingers and wrist), but in one case, the entire arm representation of the SMA was injected. In two cases, virus was injected into the SMA of one hemisphere and into the pre-SMA of the opposite hemisphere.
All experimental procedures were in accordance with the regulations detailed in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All protocols were approved by the Institutional Animal Care and Biosafety Committees. Biosafety practices conformed to the Biosafety Level 2 regulations outlined in Biosafety in Microbiological and Biomedical Laboratories (Department of Health and Human Services publication number 93-8395). Details of the procedures for handling virus and virus-infected animals were published previously (Strick and Card, 1992; Hoover and Strick, 1999; Strick, 2000, 2003) .
Surgical procedures. Twelve hours before surgery, food and water were removed and dexamethasone (0.5 mg/kg, i.m.) was given. Before surgery, animals were pretreated with glycopyrrolate (0.01 mg/kg, i.m.). Animals were sedated with ketamine (15-20 mg/kg, i.m.), intubated, and anesthetized and maintained with isoflurane (1.5-2.5%; 1-3 L/m) in a 2:1 mixture of oxygen and air. Dexamethasone (0.5 mg/kg, i.m.) and an antibiotic (75 mg/kg ceftriaxone, i.m.) were administered at this time. Respiratory rate, heart rate, blood oxygen saturation, and sensitivity to noxious stimuli were monitored during the surgery. Hydration was maintained using lactated Ringer's solution (5 ml/kg/h, i.v.). Body temperature was maintained using a heating pad. Just before physiological mapping (see below), the animals were removed from isoflurane and anesthetized with Telazol (initial dose, 4 mg/kg, i.m.; supplemental dose, 2-4 mg/kg/h, i.m.). The analgesic butorphanol (0.1 mg/kg, i.m.) was given every 2-4 h. In some cases, the animals were returned to isoflurane anesthesia before the injections of virus that followed cortical mapping.
All surgical procedures were performed using aseptic techniques. The animal's head was placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA), and ophthalmic ointment was used to protect its eyes. A local anesthetic (buvipicaine) was injected subcutaneously along the incision lines. The skin was incised and retracted to expose the skull over one or both hemispheres. A bolt was then attached to the posterior part of the skull with small screws and dental acrylic. The bolt was used to stabilize the head during physiological mapping (see below). A large craniotomy was performed over the region of interest. Then, the dura was opened and reflected medially to expose the crest of the medial part of the superior frontal gyrus. The exposed cortex was covered with warm surgical-grade silicone (1500 cSt; Dow Corning, Midland, MI).
Electrophysiological mapping. Our overall goal for mapping was to define functional borders between the cortical areas of interest. Prolonged mapping in anesthetized animals is not consistent with survival times important for studies using viruses as tracers. For SMA injections, we focused on defining the location of the forelimb digits because this representation is centrally located within the SMA and far from its rostral and caudal borders. For pre-SMA injections, we searched for the rostral border of the SMA where face movements can be evoked. Then, we moved just rostral to this region to sites where intracortical stimulation seldom evoked movement or evoked movement only when high current strengths were used.
The cortical region of interest was photographed using a video camera/ computer system. The pictures included important surface landmarks such as cortical sulci as well as the pattern of surface blood vessels. We mapped the SMA using intracortical stimulation (33 cathodal pulses, 0.2 ms duration, 333 Hz frequency, 1-60 uA intensity) with parylene-coated Elgiloy microelectrodes (Bak Electronics, Mount Airy, MD) (impedance 0.6 -1.2 M⍀ at 1 kHz) (Suzuki and Azuma, 1976) . Higher current intensities were used for mapping the pre-SMA (up to 80 A). The stimulus intensity was monitored by an isolated current probe that measured the current passing through the wire to the microelectrode. Microelectrode penetrations, spaced 0.5-1 mm apart, were made into the SMA and pre-SMA. Stimulation was delivered every 500 m, beginning 2.0 mm below the cortical surface and extending an additional 4 -5 mm. We limited the number of penetrations to reduce the length of time the animal was under anesthesia and to minimize potential damage to the cortex by the stimulating electrode. The movement evoked at each stimulation site was determined by visual inspection and muscle palpation. The threshold current for each response was defined as the stimulus intensity that evoked movement in ϳ50% of the trials. The location of the penetration, the depth of stimulation site, and the evoked movement and its threshold were entered into a computer program that generated a map of the stimulation sites. These maps were used to guide tracer injections into the SMA and pre-SMA.
Virus injections. In our first two animals (DA1L and DA2L), we injected the hand representation of the SMA with the McIntyre-B strain of herpes simplex virus type 1 (HSV1; 1.0 ϫ 10 11 plaque-forming units (pfu)/ml; supplied by Dr. R. Dix, University of Arkansas, Little Rock, AR). In all subsequent animals (n ϭ 6), we injected the SMA or the pre-SMA with CVS-11 (challenge virus strain 11 of rabies virus; 1.0 ϫ 10 7 pfu/ml; supplied by Dr. C. Rupprecht, Centers for Disease Control, Atlanta, GA) (Table 1 ). In general, the injections into the SMA were placed every 0.5 mm at depths 2-5 mm below the cortical surface. Injections into the pre-SMA were placed every 0.5 mm at depths 1-4.5 mm below the cortical surface. The injections of virus were made with a 28 gauge needle attached to a 5 l Hamilton (Reno, NV) syringe. In most cases, the injection needle penetrated parallel to the medial wall. In one animal (DA6), the opposite hemisphere was gently retracted to allow a needle with a 90°bend to penetrate perpendicular to the medial wall. The volume of virus injected at each location was 0.2 or 0.3 l. After each injection, the syringe was left in place for 2 min. When all injections were completed, the surface of the brain was washed with warm sterile saline. Then, the dura and the bone flap were repositioned, and the incision was closed.
Survival period. After the surgery, animals that received injections of HSV1 or rabies were placed in a BSL-2 isolation room for observation and recovery. The behavior and appearance of each animal were recorded every 4 -8 h, or more often if needed. All animals received dexamethasone (0.25-0.5 mg/kg, i.m. or p.o.) during the first 3 d of the survival period. Animals were administered buprenorphine (0.01 mg/kg, i.m.; every 12 h) postoperatively. If an animal developed focal or generalized seizures after an injection of HSV1, it was treated with phenobarbital (8 -10 mg/kg, i.m.).
The survival time was chosen to allow retrograde transport of virus from the cortical injection site to first-order neurons in the thalamus and then retrograde transneuronal transport of virus from the infected thalamic neurons to second-order neurons in the basal ganglia and cerebellum (Hoover and Strick, 1999; Kelly and Strick, 2003) . The optimal survival time for second-order labeling with rabies virus is somewhat shorter than that for HSV1 (Table 1) . At the end of the survival period, each animal was deeply anesthetized (25 mg/kg ketamine, i.m., followed by 37 mg/kg sodium pentobarbital, i.p.) and perfused transcardially with a three-step procedure (Rosene and Mesulam, 1978) . The perfusates included (1) 0.1 M phosphate buffer, (2) 10% buffered formalin, and (3) 10% buffered formalin with 10% glycerol added. After the perfusion, the brain was removed, photographed, and stored in 10% buffered formalin with 20% glycerol (4°C) for 5-7 d.
Histological procedures. Frozen blocks of tissue were sectioned (50 m) in the coronal plane, and each section was placed serially into one of 100 wells. Every 10th section was stained with cresyl violet for the analysis of cytoarchitecture. To identify virus-infected neurons, we processed every other section as free-floating tissue according to the avidin-biotin peroxidase method (Vectastain; Vector Laboratories, Burlingame, CA). Rabies antigen was detected using a monoclonal antibody directed against the rabies virus nucleoprotein (5DF12, diluted 1:100) or the rabies virus phosphoprotein (M957, diluted 1:300) (both supplied by Dr. A. Wandeler, Animal Diseases Research Institute, Ottawa, Ontario, Canada). Comparable numbers of infected neurons were labeled by the two antibodies. HSV1 was detected using a commercially available polyclonal antibody (diluted 1:2000; Dako, Carpinteria, CA). Reacted sections were mounted on gelatin-coated glass slides, air dried, and coverslipped with either Artmount or DPX (a mixture of distyrene, tricresyl phosphate, and xylene).
We examined the staining pattern for the monoclonal antibody 8B3 on sections through the dentate nucleus (n ϭ 2). This antibody recognizes a chondroitin sulfate proteoglycan that is expressed on the cell surface of subpopulations of neurons (Pimenta et al., 2001 ). More importantly, antibody 8B3 is a marker of the "nonmotor domain" of the dentate in the monkey (Dum et al., 2002) . Sections through the dentate were incubated for 18 -22 h in monoclonal antibody 8B3 diluted 1:8000 in Blotto (4% nonfat dry milk in 0.1 M PBS, pH 7.4) and 2% Triton X-100. After several washes in PBS, the sections were incubated for 2 h in the secondary antibody (goat anti-mouse IgM-HRP conjugate, -chain specific; Jackson ImmunoResearch, West Grove, PA), diluted 1:100 with Blotto, 2% Triton X-100, and 0.01% thimerosal. The antigen-antibody complexes were revealed by reaction in 3, 3Ј-diaminobenzidine 0.05% in PBS and 0.01% H 2 O 2 .
We also examined the staining pattern for a monoclonal antibody that recognizes a calcium-binding protein, calbindin D-28K, on sections through GPi (n ϭ 2). Calbindin is a marker of the "associative territory" of the striatum in the monkey (François et al., 1994) . Sections through GPi were incubated for 24 h in the calbindin D-28K mouse monoclonal IgG antibody (CH-6501; Swant, Bellinzona, Switzerland) diluted 1:8000 in 0.1 M phosphate Tris (PT) buffer with sodium azide, pH 7.5, and 0.5% Triton X-100. After several washes in PT, the sections were incubated for 1 h in the secondary antibody (horse anti-mouse biotinyl- The asterisks indicate sites were the threshold to evoke movement was Ͼ50 A. ArS, Arcuate sulcus; ArG, level of the genu of the arcuate sulcus; CS, central sulcus; PS, principal sulcus; SPcS, superior precentral sulcus; CC, corpus callosum; CgS, cingulate sulcus; SGm, medial part of the superior frontal gyrus; CgSd, dorsal bank of the cingulate sulcus; CgSv, ventral bank of the cingulate sulcus. ated IgG; Vector Laboratories) with 0.5% Triton X-100 in PT. Finally, the sections were washed and incubated for 1 h to reveal the location of antigen according to the avidin-biotin peroxidase method (Vectastain; Vector Laboratories).
Analytic procedures. Every other section through the dentate nucleus of the cerebellum and the internal segment of the GPi was examined for labeled neurons under bright-field illumination. Section outlines, labeled neurons, and injection sites were plotted using a computer-based charting system (MD2; Accustage, St. Paul, MN) (for details, see Hoover and Strick, 1999; Middleton and Strick, 2001a) . Digital images of selected structures were obtained using a video camera coupled to a highresolution video-processing board in a personal computer. Software written in the laboratory enabled us to generate high-resolution composites from multiple images.
Determination of injection sites. Three concentric zones of labeling characterized HSV1 virus injection sites (for details, see Hoover and Strick, 1999) . Zone I contained the needle track and the highest density of viral staining and pathology. In some instances, the tissue in this zone disintegrated during tissue processing. Zone II contained a dense accumulation of infected neurons and glia, as well as a high degree of background staining. Zone III contained large numbers of labeled neurons but little or no background staining. The injection site was defined as zone I and zone II. To reconstruct the HSV1 injection sites, we first plotted the outline of the medial wall from sections through the injection site and added all three zones of labeling. We then created a flattened map of the medial wall at the level of the injection site [for the technique of unfolding the medial wall, see Dum and Strick (1991a) ].
Staining for rabies virus at injection sites was less dense than the staining for HSV1 at comparable injection sites. Sites where rabies was injected were well preserved and did not contain intense background staining, glial labeling, or pathology (Gillet et al., 1986; Kelly and Strick, 2003) . To assess the extent of each rabies injection site, we plotted the location of needle tracks and labeled neurons on the medial wall. We created flattened maps of the medial wall and did a density analysis (for details, see Dum and Strick, 1991a) . We defined the rabies injection site as the region surrounding the injection needle tracks that contained the highest density of labeled cells (Kelly and Strick, 2003) .
Maps of virus labeling in dentate and GPi. To examine the distribution and density of labeled neurons in the dentate and in GPi, we generated unfolded maps of each nucleus using software written in the laboratory. The procedure for unfolding the dentate has been described in detail previously . Briefly, we drew a curved line through the middle of the dentate on each charted section of the nucleus. We marked transition points between the major segments of the dentate. Then, these marks and labeled neurons were projected onto the central line. The central line from each section was unfolded and aligned on the transition between the major vertical and ventral segments of the dentate. To examine the density of labeled neurons, we divided the unfolded lines into 200 m intervals and totaled the number of labeled neurons in each interval. The values of the intervals from adjacent sections were combined to form 200 ϫ 200 m bins. The number of labeled cells in each bin was converted to a color code for display (see Figs. 3, 5) .
We also created separate unfolded maps of the inner and the outer portions of GPi (see . In this case, we drew a curved line midway through the inner portion of GPi and another curved line through the outer portion of GPi. Then, labeled neurons were projected onto each of the lines. The lines were unfolded and aligned on the ventral edge of the GPi. We examined the density of labeled neurons on the maps of the two portions of GPi using the same procedures described above for the maps of the dentate.
Maps of antibody staining in dentate and GPi. We created an unfolded map of 8B3 staining intensity in the dentate nucleus and maps of calbindin staining in the two portions of GPi. In each case, the immunostained sections were photographed using a high-resolution video camera connected to a computer. We used commercial software to adjust the overall intensity of each captured image to compensate for global differences in staining intensity between sections. We removed intensities corresponding to unstained white matter (background) using digital thresholding. A thick line was drawn down the center of the dentate (30 pixels in width or 150 m wide). Similar thick lines were drawn through the inner and outer portions of the GPi (99 pixels in width or 890 m wide). The thickness of each line was reduced to a single pixel by assigning the average value along the width to the central pixel. Then, the lines through the dentate and GPi were unfolded and aligned as described above. We smoothed the values of the intensities along each line using a sliding box filter (7 pixels in width) and interpolated between sections to construct a continuous map. We divided the staining intensity into multiple levels based on increments of SD from the mean intensity.
Results
The arm representation in the SMA of the Cebus monkey, like that of the macaque, is located caudal to the genu of the arcuate sulcus (Fig. 1, right column) . Stimulation rostral to the arm representation evoked face movements (Fig. 1, DA2L) , and stimulation caudal to the arm evoked leg movements (Fig. 1, DA2L and DA8L). Thus, the body map in the SMA of the Cebus monkey appears comparable to that observed in the macaque (Brinkman and Porter, 1979; Macpherson et al., 1982; Mitz and Wise, 1987; Alexander and Crutcher, 1990; Luppino et al., 1991) . Within the arm representation of the SMA, hand movements (fingers and wrist) were evoked from a central region that was surrounded by sites where movements of the elbow and shoulder were elicited ( Fig. 1, DA1L ). The hand representation in the SMA was typically located 3-5 mm caudal to the genu of the arcuate sulcus and at depths 2-5 mm below the cortical surface. The rostral part of the digit representation was close to the surface, whereas the caudal part was deeper on the medial wall, near the dorsal bank of the cingulate sulcus. The mean threshold for evoking movement after stimulation of the SMA was ϳ30 A. Intracortical stimulation at sites rostral to the SMA in the pre-SMA rarely evoked movements (Fig. 1, left column) . The movements that were evoked from the pre-SMA were weak, slow, and required high current intensity (70 -80 A). Thus, the location of the pre-SMA in the Cebus monkey and its physiological characteristics are comparable to those of the pre-SMA in the macaque (Luppino et al., 1991; Matsuzaka et al., 1992; Inase et al., 1996) .
Injection sites SMA
In 7 animals, we injected virus into sites within the SMA where stimulation evoked hand movements (Table 1 ; Fig. 1 , right column). Histological reconstructions indicated that in all animals, the injection site included not only portions of the hand representation but also varying amounts of the adjacent elbow and/or shoulder representation. In two animals (DA2L and DA5L), the injection site also included a small portion of the adjacent leg representation. In no case did virus spread to the white matter or to the nearby cingulate motor areas.
Pre-SMA
We injected virus into the pre-SMA of three animals (Table 1 ; Fig.  1, left column) . Before these injections, we mapped each animal using intracortical stimulation to define the pre-SMA. In animals DA7L and DA9R, we specifically searched for the rostral portion of the SMA where the face is represented. We then placed virus injections in regions of the pre-SMA that were at least 1 mm anterior to the most rostral site in the SMA where intracortical stimulation evoked face movements. In the other animal (DA8R), we located the face representation in the contralateral hemisphere as part of the process of defining injection sites into the SMA. The injections into the pre-SMA were placed at least 1 mm anterior to the most rostral site in the contralateral SMA where intracortical stimulation evoked face movements. In both of these cases, the virus injections were located Ͼ2 mm anterior to the most rostral site in the ipsilateral SMA where arm movements could be evoked at low threshold (Ͻ40 A). Histological reconstructions indicated that all of the injection sites in the pre-SMA were placed between the level of the genu of the arcuate sulcus and the rostral extent of its superior limb. Virus was confined to the agranular cortex of the pre-SMA [F6 (Luppino et al., 1991) ] and did not spread rostrally to prefrontal area 8b or area 9m where an incipient granular layer IV becomes evident (Petrides and Pandya, 1999 ) (see also Walker, 1940; Middleton and Strick, 2001a) . In addition, virus did not spread ventrally to the rostral cingulate motor area , laterally to the supplementary eye field (Schlag and Schlag-Rey, 1987) or caudally to the SMA (Luppino et al., 1991) .
Retrograde transneuronal transport to the cerebellum and basal ganglia After virus injections into the SMA or the pre-SMA, we found substantial numbers of second-order neurons labeled in two major subcortical sites: dentate nucleus of the cerebellum and GPi in the basal ganglia. In the cerebellum, a few neurons were occasionally labeled in interpositus (mean of 2.7 neurons per animal) and fastigial (mean of 0.8 neurons per animal) nuclei after injections into the SMA, but not after pre-SMA injections. In all cases, the labeled neurons in the cerebellar nuclei were located contralateral to the injection site. No infected neurons were found in the cerebellar cortex, which confirms that our survival times allowed transneuronal transport of virus only to second-order neurons in cerebello-thalamocortical circuits (Kelly and Strick, 2003) .
In GPi, the neurons labeled after SMA or pre-SMA injections were located ipsilateral to the injection site. Few, if any, labeled neurons were found in the substantia nigra pars reticulata (SNpr) after injections into the SMA or pre-SMA. The SNpr has substantial disynaptic projections to area 9m in Cebus monkeys (Middleton and Strick, 2002) . Thus, the absence of labeling in SNpr provides additional evidence that our injection sites in the pre-SMA did not spread to include area 9m. No infected neurons were found in the external segment of the GPi, the striatum, or the subthalamic nucleus. These results confirm that our survival times allowed transneuronal transport of virus only to secondorder neurons in the basal ganglia-thalamocortical circuits (Kelly and Strick, 2004) .
The number of neurons labeled in GPi and dentate after injections into the SMA or pre-SMA differed from animal to animal (Table 2 ). The variation after SMA injections (ϳ4.5 times) was greater than that after pre-SMA injections (ϳ1.7 times). Similar variations in the number of neurons labeled in the thalamus have been observed after small injections of conventional tracers into the SMA (ϳ4.0 times) or the pre-SMA (ϳ2.0 times) (Matelli and Luppino, 1996) . Consequently, it is likely that the differences in the number of labeled neurons among animals is primarily attributable to variations in the location of injection sites, especially for virus injections into the SMA. Despite these differences, the average total numbers of neurons labeled in GPi and dentate after SMA and pre-SMA injections were similar (SMA, 306 vs pre-SMA, 248).
Origin of dentate projections to the SMA and pre-SMA SMA On average, we found 97 infected neurons in the dentate of animals that received virus injections into the SMA (Table 2) . However, the number of labeled neurons in the dentate of individual animals ranged from as few as 17 to as many as 155. These counts are based on examining every other section through the nucleus of each animal.
Almost all of the labeled neurons were located in the dorsal portion of the dentate (Figs. 2, 3 ). The precise location of clusters of labeled neurons within the dorsal dentate displayed some variation among animals. However, one cluster of labeled neurons was consistently present in all animals (Figs. 2, 3, hand) . This cluster was located in dorsal dentate just caudal to the middle of the nucleus. We believe that this cluster projects to the hand representation of the SMA, because all of our virus injections included at least a portion of this cortical region.
On average, we found 53 infected neurons in the dentate of animals that received virus injections into the pre-SMA (Table 2) . Almost all of the labeled neurons were located in the ventral portion of the dentate (Figs. 4, 5) . Within this region, a dense patch of labeled neurons was consistently located in the caudal one-third of the nucleus. Overall, the dentate neurons that project to the pre-SMA were clearly ventral and caudal to the dentate neurons that project to the SMA.
Relationship of cerebellar outputs to 8B3 immunoreactivity
In previous studies, we found that antibody 8B3 differentially stains the "motor" and nonmotor domains of the dentate (Pimenta determine how the origins of dentate projections to the SMA and pre-SMA relate to the two domains, we compared the distribution of labeled neurons after cortical injections with the pattern of 8B3 staining in the same animals. In general, we found that the neurons labeled after virus injections into the pre-SMA were located in the ventral region of the dentate that stained densely for 8B3 (i.e., the nonmotor domain of the nucleus) (Figs. 5, 6 ). In contrast, neurons labeled after virus injections into the SMA were located in the dorsal region of the dentate that stained weakly for 8B3 (i.e., the motor domain of the nucleus) (Figs. 3, 5, 6 ). Thus, the two cortical areas receive input from topographically separate and antigenically different domains in the dentate.
Origin of pallidal projections to the SMA and pre-SMA SMA Virus injections into the SMA labeled neurons in both the inner and outer portions of GPi. The number of labeled neurons in GPi of individual animals ranged from as few as 45 to as many as 451 but averaged 209 (Table 2 ). These counts are based on examining every other section through the nucleus of each animal.
We were unable to identify a clear focus for the origin of GPi projections to the hand area of the SMA. However, the neurons labeled after SMA injections of virus were consistently located in a broad central region of the inner and outer portions of GPi (Fig. 7) . In several animals, labeled neurons formed a ringlike arrangement of labeled neurons that spanned the two portions of the nucleus (Fig. 7, . Unfolded maps of the dentate neurons that project to the pre-SMA. Conventions are as in Figure 3 . On the right, a gradient density map of staining in the dentate of DA7L with antibody 8B3 [adapted from Dum et al. (2002) ] is shown. The intensity of 8B3 immunoreactivity was contoured into four grayscale levels from the most intense staining (darkest) to the least intense staining (lightest). The units are in SDs from the mean. The location of dentate neurons labeled after a virus injection into the pre-SMA of this animal is overlaid on this map.
ment of labeled neurons is quite unlike the more homogeneous distribution of labeled neurons in GPi seen after virus injections into M1 or into areas of prefrontal cortex (Hoover and Strick, 1999; Middleton and Strick, 2002) . The significance of this circular arrangement is unclear, but it may reflect some integrative aspect of SMA interconnections within the basal ganglia (Takada et al., 1998a,b; Kaneda et al., 2002) .
Pre-SMA
Virus injections into the pre-SMA labeled an average of 195 neurons in the inner and outer portions of GPi (Fig. 8 , Table 2 ). In general, neurons that were labeled after injections into the pre-SMA were located in more rostral regions of GPi than neurons that were labeled after injections into the SMA. Mid regions of GPi contained neurons that project to either cortical area. However, neurons projecting to the pre-SMA were more dorsally located in this mid region than neurons projecting to the SMA (Fig.  8, histograms) .
Relationship of pallidal outputs to calbindin immunoreactivity
Previous studies have used gradients in immunoreactivity to Calbindin D-28K (CB-ir) to define "sensorimotor," associative, and "limbic" territories in the striatum and the external segment of the globus pallidus (Côté et al., 1991; Côté and Parent,1992; François et al., 1994 François et al., , 2004 ; for review, see Parent et al., 1996) . In the present study, we observed similar gradients of CB-ir in the inner and outer portions of GPi (Fig. 9) . In both portions of GPi, CB-ir is densest rostrally and declines gradually as one moves caudally. The densest CB-ir is located in rostroventral regions of both the outer and inner portions of GPi. In general, neurons labeled after virus injections into the SMA were located in more caudal regions of GPi where CB-ir is relatively weak (compare Figs. 7, 9, 10) . In contrast, we found that the neurons labeled after virus injections into the pre-SMA were located in the rostral regions of GPi where CB-ir is intense (Figs. 8, 9, 11, 12) . Thus, the two cortical areas receive input from topographically separate and antigenically distinct territories in GPi.
Ratio of basal ganglia to cerebellar labeling
Because virus injections into SMA and pre-SMA labeled neurons in both GPi and dentate, we could examine the ratio of basal ganglia and cerebellar projections to these cortical areas in each animal (Table 2) . Although there was some variability in results among animals, in most cases, the SMA and the pre-SMA received more input from GPi than from dentate. Specifically, the ratio of GPi to dentate neurons labeled after injections into the SMA averaged 2.9:1 and could be as high as 6.6:1. The results from injections into the pre-SMA were somewhat less variable. The ratio of GPi to dentate neurons averaged 4.3:1 and could be as high as 6.9:1. Thus, although the SMA and the pre-SMA are the targets of projections from both GPi and dentate, the magnitude of the input from GPi to these cortical areas is approximately three to four times greater than that from the dentate.
Discussion
There are three main observations of the present study. First, we found that the SMA and the pre-SMA are the targets of outputs from both the basal ganglia and the cerebellum. Second, our results indicate that the SMA and pre-SMA each receives relatively more basal ganglia input than cerebellar input. Third, projections to the SMA and pre-SMA originate from spatially separate and neurochemically distinct regions within GPi and dentate. Before discussing the implications of these and other observations, we would like to address one technical concern.
In general, the results after virus injections into the SMA were more variable in terms of number of labeled neurons and their location than were the results after virus injections into the pre-SMA. The origin of this variability is unclear, but it does not appear to be correlated with experimental factors such as survival time, total volume of virus injected, or number of sites injected. More importantly, similar variations have been observed in other studies that used conventional tracers to define origin of thalamic projections to the SMA (Schell and Strick, 1984; Wiesendanger and Wiesendanger, 1985a; Darian-Smith et al., 1990; Rouiller et al., 1994 Rouiller et al., , 1999 Shindo et al., 1995; Matelli and Luppino, 1996; Sakai et al., 1999 Sakai et al., , 2002 . In particular, the ratio of neurons labeled in basal ganglia recipient nuclei of the thalamus (VLo, VApc, VLm, VLcr) to neurons labeled in cerebellar recipient nuclei (X, 
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Figure 6. Summary map of the dentate output channels and their relationship to 8B3 immunoreactivity. The location of known output channels in the dentate is overlaid on a map of 8B3 staining. The cortical target of the output channel is placed at the site of the peak labeling after retrograde transneuronal transport of virus from that cortical area [adapted from Dum and Strick (2003) ].
VPLo, VLcc) ranged from 0.9:1 to 6.4:1 (n ϭ 8) (Shindo et al., 1995; Matelli and Luppino, 1996) . This range is nearly identical to that of GPi/dentate neurons labeled in the present study after virus injections into the SMA (0.6:1-6.3:1) (Table 2) . Thus, whatever the origin of the variability, it applies equally to studies using conventional and virus tracing methods. At this point, we can only speculate on the origin of the variable patterns of transport observed after tracer injections into the SMA. We intend to explore this issue in the future by using anterograde transneuronal transport of the H129 strain of HSV1 from injection sites in the dentate and GPi (Kelly and Strick, 2003) . This approach should enable us to determine whether basal ganglia and cerebellar systems terminate in separate zones (Holsapple et al., 1991) and/or in different cortical layers within the SMA (Nakano et al., 1992; McFarland and Haber, 2002) . Whatever the origin of the variability in the results from SMA experiments, it has little overall impact on the main findings we discuss below.
The basal ganglia and cerebellum both project to the pre-SMA and SMA There has been some uncertainly about the subcortical inputs to the pre-SMA and SMA (see Introduction for details and references). Once the pre-SMA and SMA were recognized as distinct, a number of anatomical studies provided evidence that the two cortical areas are the targets of outputs from the basal ganglia and cerebellum (Shindo et al., 1995; Inase et al., 1996; Matelli and Luppino, 1996; Rouiller et al., 1999; Sakai et al., 1999 Sakai et al., , 2000 Sakai et al., , 2002 . Our results strongly support the conclusions of these previous studies. In addition, because transneuronal transport of virus occurs exclusively at synapses (Hoover and Strick., 1999; Strick, 2000, 2003) [for references and review, see Card (2001) ], our data provide evidence that cerebellar and pallidal efferents actually make synaptic connections with the thalamic neurons that project to each cortical area.
SMA and pre-SMA receive relatively more basal ganglia input than cerebellar input Retrograde transneuronal transport of virus is unique in its ability to provide quantitative data on the relative number of subcortical neurons that are disynaptically connected with a cortical area (Hoover and Strick, 1999; Strick, 2001a, 2002; Kelly and Strick, 2003) [for references and review, see Card (2001) ]. In the present experiments, we determined the ratio of pallidal to cerebellar neurons that innervated an injection site (Table 2) . Overall, we found that the number of pallidal neurons that project to the pre-SMA and SMA is approximately three to four times greater than the number of cerebellar neurons that project to these cortical areas. Indeed, in three of our experiments, the ratio of basal ganglia to cerebellar input to these cortical areas was Ͼ6:1 (Table 2) .
Our results on subcortical inputs to the SMA are in accord with the findings of previous studies that used conventional trac- ers (Schell and Strick, 1984; Wiesendanger and Wiesendanger, 1985a; Rouiller et al., 1994; Shindo et al., 1995; Matelli et al., 1996; Sakai et al., 1999 Sakai et al., , 2002 . In general, these studies found that (1) the most substantial input to the SMA originates from thalamic nuclei that are the target of basal ganglia efferents and (2) pallidal terminations are denser than cerebellar terminations in the thalamic nuclei that project to the SMA [for references and recent reviews, see Rouiller et al. (1994) and Sakai et al. (1999 Sakai et al. ( , 2002 ].
Our results also are in accord with previous findings that the pre-SMA receives input both from the basal ganglia and the cerebellum (Inase et al., 1996; Matelli and Luppino, 1996; Sakai et al., 2000) . However, there is some difference in opinion about the relative strength of basal ganglia and cerebellar input to the pre-SMA. Based on a quantitative analysis, Matelli and Luppino (1996) concluded that thalamic input to the pre-SMA comes equally from nuclei that are the target of basal ganglia and cerebellar input. In contrast, the plots of data shown by Inase et al. (1996) and Sakai et al. (2000) indicate that thalamic nuclei that are the target of basal ganglia efferents are the major source of input to the pre-SMA. Our results support these latter studies. Our injections of virus into the pre-SMA labeled from three to seven times as many pallidal neurons as cerebellar neurons. The differences in results among the various studies may be attributable to the size and extent of the injection sites in the pre-SMA. Our injection sites and those of Inase et al. (1996) and Sakai et al. (2000) were larger than those of Matelli and Luppino (1996) and thus involved more of the pre-SMA. Overall, we conclude that the pre-SMA receives both basal ganglia and cerebellar input, but, as a whole, the pre-SMA is dominated by basal ganglia input.
Comparison with other cortical areas
We have previously used virus tracing to examine the organization of basal ganglia and cerebellar inputs to a number of motor, prefrontal, and posterior parietal areas of cortex (Dum and Strick, 1999; Hoover and Strick, 1999; Akkal et al., 2001; Clower et al., 2001 Clower et al., , 2005 Strick, 2001a, 2002) . Some of these experiments used HSV1 as a tracer, and others used rabies (Table  3 ). The two viruses produced comparable ratios of labeled pallidal to dentate neurons when they were injected into the same cortical area of different animals. For example, HSV1 and rabies labeled comparable ratios of pallidal to dentate neurons after virus injections into M1 and into the ventral premotor area (PMv) ( Table 3) . Therefore, we have compared the ratio of basal ganglia (i.e., GPi and SNpr) to cerebellar (dentate) neurons labeled after virus injections into a range of motor and nonmotor areas of the cerebral cortex (Table 3 ). This analysis shows that, on average, equal numbers of basal ganglia and cerebellar neurons innervate motor and posterior parietal areas of cortex. In contrast, the number of pallidal neurons that project to areas of prefrontal cortex is, in all cases, more than two to three times the number of dentate neurons that innervate the same areas. In fact, some prefrontal regions are dominated by basal ganglia input (e.g., area 9m, 16:1 ratio) or may receive no cerebellar input at all [e.g., area 12 (Middleton and Strick, 2002) ]. In this respect, the SMA and especially the pre-SMA appear to be more like regions of prefrontal cortex than like regions of motor and posterior parietal cortex. This result further emphasizes the unique prominence of basal ganglia input to the SMA and pre-SMA.
Pre-SMA and SMA receive input from neurochemically distinct regions of the dentate and GPi Transneuronal transport of virus also enabled us to determine the location of basal ganglia and cerebellar neurons that project (via the thalamus) to a cortical area. We found that the dentate neurons that project to the pre-SMA are located in a ventral region of the nucleus where staining for antibody 8B3 is intense (Fig. 6) . We have previously termed this region the nonmotor domain of the dentate, in part because it also contains neurons that project to regions of prefrontal cortex (e.g., areas 46 and 9) (Middleton and Strick, 2001a; Dum and Strick, 2003) . In contrast, dentate neurons that project to the SMA are located in a more dorsal region of the nucleus where staining for antibody 8B3 is weak. We have termed this region the motor domain of the dentate because it contains neurons that project to the primary motor cortex and premotor areas on the lateral surface of the hemisphere . Wiesendanger and Wiesendanger (1985b) reported a similar (although not identical) separation between the dentate neurons that innervate the pre-SMA (their "rostral" SMA) and the SMA proper. Thus, although the pre-SMA and SMA are located next to each other on the medial wall of the hemisphere, the dentate regions that project to the two cortical areas are located in spatially separate and neurochemically distinct regions of the nucleus.
The pre-SMA and SMA also are the target of distinct projections from GPi (Fig. 12) . The pallidal neurons that project to the pre-SMA are located in a rostral region of the nucleus where CB-ir is intense. Pallidal regions with dense CB-ir have been considered to be part of the associative territory of the basal ganglia (Cô té et al., 1991; François et al., 1994 François et al., , 2004 ; for review, see Parent et al., 1996) . Results from our previous studies indicate that the associative territory of GPi includes regions that project to parts of prefrontal cortex such as areas 46 and 9 (Middleton and Strick, 2002 ). In contrast, pallidal neurons that project to the SMA are located in a more caudal and ventral region of the nucleus where CB-ir is relatively weak. Pallidal regions with weak CB-ir have been considered to be part of the sensorimotor territory of the basal ganglia. Our previous results indicate that this territory of GPi contains neurons that project to M1 and the premotor areas on the lateral surface of the hemisphere Strick, 1993, 1999) . Thus, the pre-SMA and SMA receive input from neurons located in spatially separate and neurochemically distinct regions of GPi. Figure  10 . The right column shows a gradient density map of CB-ir in GPi, overlaid with pallidal labeling after an injection into the pre-SMA (animal DA9R).
The pre-SMA is not a typical motor area Our data are fully consistent with the view that the SMA is one of the premotor areas in the frontal lobe. Like other premotor areas, the SMA (1) has dense projections to M1 (Muakkassa and Strick, 1979; Ghosh et al., 1987; Luppino et al., 1990 Luppino et al., , 1993 Strick, 1991b, 2005; Hatanaka et al., 2001; Wang et al. 2001) , (2) has substantial projections directly to the spinal cord (Dum and Strick, 1991a , 1996 Galea and Darian-Smith, 1994; He et al., 1995; Maier et al., 2002) , (3) receives basal ganglia and cerebellar input from the motor domains of GPi and dentate (present study), and (4) lacks dense interconnections with prefrontal cortex (Luppino et al., 1990 (Luppino et al., , 1993 Bates and Goldman-Rakic, 1993; Morecraft and Van Hoesen, 1993; Lu et al., 1994) .
In contrast, the pre-SMA is anatomically more like a region of prefrontal cortex because it (1) does not project directly to M1 Strick, 1991b, 2005; Tokuno and Tanji, 1993; Lu et al., 1994; Hatanaka et al., 2001; Wang et al., 2001) , (2) does not project to the spinal cord Strick, 1991a, 2005; Galea and Darian-Smith, 1994; He et al., 1995) , (3) receives basal ganglia and cerebellar input from the nonmotor domain of GPi and dentate (present study), and (4) is densely interconnected with several regions of prefrontal cortex (Luppino et al., 1990 (Luppino et al., , 1993 Bates and Goldman-Rakic, 1993; Lu et al., 1994; Wang et al., 2005) (but see Takada et al., 2004) .
A number of recent observations from neurophysiological and imaging studies emphasize the nonmotor nature of pre-SMA function. For example, during neuron recording studies in monkeys, Tanji and colleagues (Matsuzaka and Tanji, 1996; Shima et al., 1996 ; see also Akkal et al., 2002a ) discovered neurons in the pre-SMA that discharge specifically when an animal shifted from one task plan to another. In subsequent studies, Shima and Tanji (2006) found neurons in the pre-SMA that were active for oddor even-numbered trials of a task. During imaging studies in humans, activation was present in the pre-SMA during tasks requiring attention to time (Coull et al., 2004; Pouthas et al., 2005; Macar et al., 2006) , attention to changing visual stimuli (Hon et al., 2006) , and "attention to intention" rather than "attention to movement" (Lau et al., 2004) . Thus, the function of the pre-SMA appears to be related to some aspect of attention required during cognitively demanding tasks.
Functional implications: cortico-subcortical loops
In the original proposal on the organization of basal ganglia loops with the frontal lobe (Alexander et al., 1986) , five different cortical areas were the target of separate basal ganglia circuits. A source of input and the target of output from the "motor circuit" was the SMA. We now know that (1) more than five parallel loops link motor and nonmotor areas in the frontal lobe with the basal ganglia and (2) basal ganglia output is directed to more than a single cortical motor area Strick, 1993, 1999; Middleton and Strick, 2001b) . Inase et al. (1999) demonstrated that the SMA and pre-SMA project to essentially separate regions of the striatum, the input stage of basal ganglia processing. As a consequence, it is likely that the SMA and pre-SMA influence separate regions of the GPi. In the present study, we demonstrated that the SMA and pre-SMA receive input from separate regions within GPi. Together, these results suggest that the SMA and pre-SMA are each part of a distinct, closed-loop circuit with the basal ganglia.
The relative strength of basal ganglia input to the SMA has clinical implications
It is now well established that Parkinson's disease (PD) results from the degeneration of dopamine-producing cells in the pars compacta of the substantia nigra (SNpc). The specific set of SNpc cells that degenerate project to the sensorimotor territory of the striatum (Kish et al., 1988; Damier et al., 1999) . The symptoms of PD appear when Ͼ80% of dopamine is depleted from this striatal territory (Bernheimer et al., 1973) . The output of the sensorimotor territory projects not only to the SMA but also to M1, the PMv, and several other cortical motor areas in the frontal lobe Strick, 1993, 1999; Dum and Strick, 1999; Middleton and Strick, 2002; Kelly and Strick, 2004 ). Based on current models of PD pathophysiology (DeLong, 1990; Wichmann and DeLong, 2003) , one would predict that this pattern of dopamine depletion would result in hypoactivation of all of the cortical areas influenced by the sensorimotor territory of the striatum. Yet, imaging studies of PD patients have found decreased activation in the SMA and increased activation in M1 and areas of premotor cortex (Playford et al., 1992; Rascol et al., 1992 Rascol et al., , 1994 Jahanshahi et al., 1995; Samuel et al., 1997 Samuel et al., , 2001 Sabatini et al., 2000; Haslinger et al., 2001 ; for review, see Grafton, 2004) . Imaging studies of PD patients also observed increased activation in the cerebellum (Rascol et al., 1997; Samuel et al., 1997) . The Summary map of the GPi output channels and their relationship to CB-ir. The location of known output channels in the dentate is overlaid on a map of CB-ir (from animal DA9R). The cortical target of the output channel is placed at the site of the peak labeling after retrograde transneuronal transport of virus from that cortical area. GPi i , Inner portion of the GPi; GPi o, outer portion of GPi.
increased cerebellar activation may be part of an adaptive response to compensate for the cortical hypoactivity that would result from basal ganglia dysfunction in PD (Rascol et al., 1997; Samuel et al., 1997) . If this is the case, why then would cerebellar hyperactivity not normalize activity in the SMA? Our results may provide some explanation for these puzzling observations. We found that the SMA is unlike other cortical motor areas in having three to four times more basal ganglia input than cerebellar input. Thus, we speculate that the relative weakness of the cerebellar input to the SMA may not allow an increase in cerebellar output to normalize SMA activity in PD. If our speculation is correct, then it implies that treatments for PD might focus on attempts to normalize SMA function. However, one could adopt an alternative view that cerebellar hyperactivity and the attendant hyperactivity in M1 and the other cortical motor areas is part of the problem, rather than part of the solution (Grafton, 2004) . Whichever perspective is correct, our results suggest that defining the ratio of basal ganglia and cerebellar inputs to specific cortical areas may provide some new insights into the pathophysiology of basal ganglia disorders.
